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Abstract
1. With strain L cells in culture the biological effects of oxygen rich environment have been
observed with special reference to the cell growth, glycolysis, respiration, incorporation of P32
into ∆10 P and DNA synthesis. 2. Oxygen rich environment produces an increase in the vital
activity of the cells at the initial stage of culture, i. e. increased activity of succinoxidase system,
low glucose consumption and active cell growth, but in the later stage the activity of the cells is
lowered likewise the activity of succinoxidase with the decreased oxidative phosphorylation, and
an increase in the uptake of glucose and the enhanced lactic acid production. 3. The most adequate
atmosphere for cell proliferation is found to be air though the reason for this remains unsolved.
4. Suppressed cell growth in the later stage of cell culture under the oxygen rich environment is
accompanied by the increase of the cells containing smaller amount of DNA, but it is uncertain
whether or not the decreased rate in DNA synthesis is responsible for the depressed cell growth.
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In the previous paper1 the author reported the effects of the high and low
oxygen tension in the atmosphere on the growing cells in culture, revealing that
high oxygen tension had a tremendous inhibitory effect on the growth of cells caus-
ing remarkable structural changes of mitochondria and ergastoplasm as observed
under electron microscope. In this paper the biochemical attempt has been made
to see how various oxygen tension would affect the growth, glycolysis, respira-
tion, and the synthesis of ATP of the cells in culture, and some of the findings
of these biochemical experiments are presented in this paper.
MATERIALS AND METHODS
Strain L cells cultured and maintained in our laboratory for the past five
years served as materials. The culture medium used was saline D solution2 cont-
aining 5 per cent bovine serum, 0.4 per cent lactalbumin-hydrolysate, and 0.08
per cent yeast extract. Using TD-15 flasks: l as culture vessels, the stationary
culture of the cells was conducted in the vessels each containing 2 ml of the
medium. The gaseous environments in the culture flasks were prepared in the
same manner as in the previous paper1• The L cells, which had been cultivated
for a certain period of time under various oxygen tension, were taken out of
the culture vessel and the following observations were carried. The succinoxidase
activity of these cells was estimated by the method of QDA et al. 4-5 with 0.2 M
sodium succinate as the substrate and 0.2 per cent neotetrazolium chloride as the
hydrogen acceptor. The glucose consumption was estimated by the method of
SOMOGYI6 and the lactic acid production was estimated by the method of BARKER
and SUMMERSON7• For the observation of the respiration and p 32 incorporation
into L1 lOP of cells, the following procedures had been employed: The cultured
cells were harvested and packed by centrifugation at 2,000 r. p. m. for 3 min
and resuspended in calcium free Krebs-Ringer solution, 2.2 ml of this suspension
was put in the main chamber of Warburg manometer containing 0.3 ml of 0.18
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M glucose. The number of the cells in incubation mixture was 7 x 106 per ml.
The side chamber contained 0.3 ml of 0.002 M potassium phosphate buffer, pH
7.4, containing 10 p.c of p32 and the well contained 0.2 ml of 20 per cent KOH.
The incubation was conducted for 60 min at 38°C.
The steps of the determination of J 10 P were as follows: The cells were
washed twice with Hanks solution, to which 8 per cent TCA was added at O°C
and left standing for 30 min, and centrifuged at 2,000 r. p. m. for 3 min.
One ml of the' supernatant was mixed with 1 mlof 1.5 N H,S04' and the mix-
ture was kept at 100° C for 10 min. After cooling, 1 ml of 2 per cent sodium
molibudate and 4 ml of isobutanol were added, and the radioactivity was counted
by using M-G counter (Kobe Kogyo 131 type). Another 1 ml of the supernatant
was put into the solution composed of 1 ml of 2 per cent ammonium molybudate,
1 ml of 1.5 N H2S04, and 4 ml of isobutanol. After mixing the solution the
mixture was vigorously shaken for 10 sec and 1 ml of the upper layer was used
for counting the radioactivity.
The DNA contents of each nucleus was estimated microspectrophotometri-
cally by SENO-UTSUMI's methodS on the cells stained with Feulgen reaction.
RESULTS
The cells cultured in air maintained a good growth rate showing nearly a
straight line curve. The cells cultured under the various oxygen tension except
those cultured in nitrogen gas, increased in number more rapidly during the
initial 24 hours after inoculation comparing to the ones cultured in air. But after
36 hours the former cells decreased in number compared with those growing in
air (Fig. 1). The regression of growth became marked as the oxygen tension
rOSf~. Those cells cultured in nitrogen atmosphere began to degenerate already
within 24 hours of culture and after 36 hours almost all the cells were degene-
rated and detached from the vessel wall.
For the observation of the activity on succinoxidase a few of the necessary
experiments have been conducted. The optical density of diformazan extract
from the cells by the method mentioned increased directly proportional to the
increase in cell number in the range of 5 x 105 to 25 X 105 cells/ml/tube (Fig. 2).
Observation on the reaction time proved that the optical density increases with
the time of incubation showing a direct proportion between the reaction intensity
and the time up to about 90 minutes, reaching a plateau after about 180 min.
To estimate the activity the reaction was stopped at 60 min by exposing the
cells to 10 per cent formalin in all the samples. Observation on the cultured cells
proved that the activity of succinoxidase system per cell was decreased in those
cells cultured for a long period of time without changing the medium (Fig. 4-A).
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Fig. 1 Curves representing the growth of L cells cultured under
various oxygen tension
The cell growth reached its peak on the fifth to sixth day and thereafter the num-
ber of the cells decreased. The succinoxidase activity in total cells also decreased
at the initial stage. The increase in cell number with the parallel increase of the
succinoxidase activity was observed only on the 2nd-3rd day of culture. There-
fore, the activity of succinoxidase system per cell rapidly falls after inoculation
and it begins to rise sharply one day after the inoculation, reaching its maximum
on the third day and again it declines rapidly (Fig. 4-B). The data suggest that
the succinoxidase activity is very sensitive to the state of the cell activity.
The curves showing the activities of succinoxidase system of the cells cultu-
red under various oxygen tension showed the patterns specific to each gas atmo-
sphere (Fig. 5). Under the pure oxygen atmosphere the enzyme activity was
the highest at the initial stage of incubation but rapidly decreased with lapse of
time, showing a very low level after 60 hours. The lower the oxygen pressure
the higher the enzyme activity, reaching the maximum values in air and 20 per
cent oxygen, as seen after 60 hours. In the cells cultured under pure nitrogen
the activity rapidly decreased with almost the same rate as in pure oxygen,
though the level was always lower than the corresponding value in pure oxygen.
Observation on glucose consumption of the cells revealed the least glucose
3
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Fig. 2 The relationship between the cell count and the optical density of
diformazan extract
Fig. 3 Relationship between the reaction time and the optical density of difor-
mazan
Fig. 4 The growth curves of L cells in stationary culture without medium
change in TD-flasks with inoculum size of 500,000 cells and daily fluctuations of
succinoxidase activity, A: Solid line is the cell growth curve and the dotted line
shows succinic oxidase activity as expressed in optical density of the total cells. B:
Fluctuations in evzyme activity per 10,000 cells calculated by dividing the value of
dotted line of A by the total number of cells (unit in ten thousand)
Fig. 5 The results of successive observasions on the activity of succinic oxidase
system of the cells cultivated under gas phase of 100%, 70%, 60%, 30%, and 20
~?6, of oxygen concentration, and in air and nitrogen.
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Figs. 6 and 7 Glucose consumption in the medium (Fig. 6) and lactic acid
production (Fig. 7) at 12, 24, and 36 hour cultivation under various oxygen tension
at indicated ratio.
consumption in the most actively proliferating cells. i. e. the glucose consumption
was the lowest in the cells cultured under air where the cells proliferated most
markedly and the highest in the cells cultured under pure nitrogen in which the
cell growth was always suppressed markedly. In the media of high oxygen
tension the glucose consumption was rather low but later it became very high.
After 36 hours the levels in pure nitrogen and pure oxygen were almost the
same, showing the cell damage by oxygen (Fig. 6).
The similar tendency was observable in the lactic acid production of L cells
(Fig. 7), i. e. the least production of lactic acid in the most actively growing
cells under air. Under anaerobic condition a marked production of lactic acid
could be observed, over 4. 5 times that cultured in air after 36 hours. Under
higher oxygen tensions the production of lactic acid increased gradually and
reached over 2. 5 times that cultured in air.
The changes in pH of the culture medium under various oxygen tension
are shown in Fig. 8. The pH value under nitrogen gas culture falls rapidly from
an early stage reaching 6.0 after 36 hours. The value under pure oxygen culture
decreases less markedly, and that under air as much 30 per cent to 70 per cent
oxygen decreases very slightly, scarcely falling below 7. O.
The incorporation of p32 to d-.J10 P was markedly decreased in the cells
5
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Fig. 8 Influence of various oxygen tension on pH in the medium ID which
L cells were cultured during 60 hours.
16
ARBITRARY UNIT OF DNA CONTENT
Fig. 9 Estimated values of DNA contents per single L cell, counting 60 cells
each time out of those cultivated in air and pure oxygen gas. Dark column represents
the number of cells containing the indicated amounts of DNA cultivated in air. White
column represents the number of those grown under pure oxygen gas.
grown under high oxygen tension as compared with those grown under air while
the oxygen uptake was only slightly decreased as compared with that of those
under sir (Table 1). Therefore, the relative ratio of d·J10 P to oxygen is signi··
ficantly lower in the case of oxygen culture.
DNA contents of the cells showed that the cells with low values of DNA
content tended to increase under oxygen atmosphere.
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Table. 1 Incorporation of labeled inorganic phosphate
(P32~ and oxygen uptake of the L cells (Previously cultured
in air and in pure oxygen for 30 hr) incubated with glucose
and P32 for 60 minutes in Warburg's flask. The numbers
express the relative counts of p32 incorporation and tJ of
oxygen consumed by the same number of L cells.
I CULTURED GAS PHASE
I AIR I OXYGEN
Pi 478 752
LIlO P 742 853
d-LI 10 P 264 102
02 uptake 63.9 41.2
DISCUSSION
199
The present series of experiments has again proven that the high oxygen
tension has the effect to suppress the growth of the cells in culture. The results
of the observation on L cells coincide well with those obtained by observing the
fibroblasts from chick embryo heart and HeLa cells as reported in the previous
paper\ The results also agree with the observations made by the several au-
thors9 - 1s, namely, the cell growth is inhibited under high oxygen tension. As
already mentioned the introduction of oxygen gas into the culture chamber in-
duces some acceleration of cell growth in the early stage (12 to 24 hours after the
introduction) comparing to the case at the same stage under air, i. e. the high
oxygen tension brings about a temporary acceleration of the cell growth and
soon afterwards the cel! growth is suppressed, while the cells growing under air
increase steadily in number showing a continuous active proliferation. Under
high oxygen tension the activity of succinoxidase of the cell increases in the initial
stage of culture and decreases later to be directly proportional to the rate of cell
growth. The glucose consumption under high oxygen tension is markedly low
in the initial stage but with lapse of time it increases inversely proportional to
the succinoxidase activity.
BROSMER et al. 13 using AH cells (cells resembling closely to L cells) reported
that 100 per cent oxygen has no effect on glucose uptake, lactate production and
uptake of radioactive phosphate into cellular constituents within 2.5 hr incubation.
Their results agree well with those of the present observation in the early stage
of incubation under oxygen.
These observations on the cell proliferation and metabolism seem to suggest
that high oxygen tension elicits an acceleration of respiration in the initial stage
and the energy produced will be used for the cell proliferation but later the respi-
ratory enzyme system is inactivated with the activated anaerobic metabolism
7
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which is not so effective for supplying the energy to cell proliferation.
RUECKERT and MUELLER12 have pointed out that the glucose metabolism un-
der high oxygen concentration shifts to anaerobic one as observed on HeLa cells.
Considering the results obtained with L cells in the present experiment, the
increased glucose consumption seems to be in later stages. STADIE and HAUGAAD9
supposed that one of the primary changes to be induced by oxygen poisoning is
the inactivation of succinic dehydrogenase, but their result differs slightly from
the result obtained in this experiment. Namely, the initial activation of succino-
xidase system by high oxygen tension can clearly be seen as it is com~ared to
the succinoxidase system activity of the cells growing in the environment of lower
oxygen tension. As has been pointed out repeatedly, however, in the later stage
under a high oxygen tension the metabolism shifts to anaerobic one which is
consistent with the report of RUECKERT and JONES lO•
The question to be raised here is why the cells under high oxygen tension
cannot consume a sufficient amount of oxygen and make their metabolism turn
to the anaerobic pattern. One possibility is that the SH groups of the respiratory
enzyme are oxidized by oxygen, resulting in the inactivation of SH·enzymes.
According to Rueckert's observations, however, the reducing agents were tried
unsuccessfully in attempts to prevent oxygen toxicity.
Morphologically the fine structure of mitochondria is destroyed by high
oxygen tension as revealed under electron microscopel. This should be the direct
cause of the decrease in respiration, but the biochemical mechanism of the oxy-
gen toxicity is uncertain.
As just mentioned the cell culture under pure oxygen for more than 36 hours
strongly inhibited cell growth as well as in pure nitrogen atmosphere. This may
be correlated to the depressed DNA synthesis as has been shown by BROSEMER13
with the long term experiment on the AH cells in culture under 95 per cent
oxygen. Microspectrophotometric observations revealed a slightly low level in
DNA in the cells cultured under high oxygen tension. But it is uncertain whether
the decreasing DNA is responsible for the cell proliferation or DNA decrease is
the result of the lowered metabolic activity of the cells.
SUMMARY
1. With strain L cells in culture the biological effects of oxygen rich environ-
ment have been observed with special reference to the cell growth, glycolysis,
respiration, incorporation of p32 into .dID P and DNA synthesis.
2. Oxygen rich environment produces an increase in the vital activity of
the cells at the initial stage of culture, i. e. increased activity of succinoxidase
system, low glucose consumption and active cell growth, but in the later stage the
activity of the cells is lowered likewise the activity of succinoxidase with the de-
8
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creased oxidative phosphorylation, and an increase in the uptake of glucose and
the enhanced lactic acid production.
a. The most adequate atmosphere for cell proliferation is found to be air
though the reason for this remains unsolved.
4. Suppressed cell growth in the later stage of cell culture under the oxygen
rich environment is accompanied by the increase of the cells containing smaller
amount of DNA, but it is uncertain whether or not the decreased rate in DNA
synthesis is responsible for the depressed cell growth.
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